There are several approaches to atom trap physics in solids. One possibility is to use quantum dots hosted by compound semiconductors 11,12 , which have the advantage of addressability using conventional lasers. However, this relies on expensive fabrication and experiments have been mostly restricted to the frequency domain. We follow here another avenue, which requires more exotic laser technology but lends itself to straightforward time-domain measurements and has much simpler sample requirements. We use the ubiquitous semiconductor-donor combination Si:P , which thus opens up the possibility of exploiting sophisticated semiconductor device processing technologies for combined electrical and coherent optical control.
A two-level atom resonantly illuminated by the high intensity coherent light from a laser undergoes Rabi oscillations at a frequency given by
where F 0 is the electric field envelope of the light beam and  12 is the transition dipole matrix element. For a pulse of finite duration, the excited state polarization that remains in the system after the pulse has passed varies sinusoidally with the pulse area, =  /F(t)dt. If the laser is at resonance with the 1s to 2p 0 transition it will produce a linear superposition of 1s and 2p 0 wavefunctions -a very simple wavepacket which oscillates in time as the superposition precesses around the Bloch sphere (see fig 1b) , representing the quantum mechanical state space for two-level systems. For an ensemble, all the wavepackets initially radiate in phase, and therefore strongly, to produce coherent radiation. This coherence is lost, owing to small offsets in the resonant frequencies resulting from differences in the local environment, and the radiation weakens as the dipoles dephase on a timescale given by the inverse of the 1s-2p 0 inhomogeneous linewidth, measureable in the frequency domain using conventional continuous wave infrared spectroscopy. However, their relative phases can be restored by a subsequent laser pulse leading to a second burst of coherent radiation -the photon echo -which appears later by a time equal to the time difference between the initial and rephasing pulses, in precise analogy to the well-known Hahn spin echo 7 (fig 1c) . In general, the amplitude of the echo will decrease as function of time delay of the rephasing pulse with a characteristic time T 2 , due to population decay and stochastic phase jumps of the oscillators. The emission appears not only at a well-defined time, but also at a well-defined angle: its direction is given by the vector equation k E = 2k 2 − k 1 where k 1 is the wave-vector of the pump, k 2 is that of the rephasing beam 6 . This means that a genuine echo, as opposed to more conventional four-wave mixing effects where different coherent beams are present in the sample simultaneously, has signatures in space and time. For our measurements to discover the orbital echo in
Si:P, we accordingly set out to establish both the direction of the echo beam relative to the pump and rephasing beams (Fig 2a ANGLE) and also the arrival time of the echo relative to the pump and rephasing pulses by interfering each of them with a reference pulse (Fig 2a TIMING) .
We performed most of our experiments on a Czochralski-grown 110 natural Si wafer, of thickness 200μ and doped with 1.5 X 10 15 P donors/cm 3 , but also verified the key results on several other samples, as described in the Supplementary Material. The
THz source was the FELIX free electron laser at the FOM institute in Nieuwegein 16 , which produces trains of radiation pulses that for the present experiment were tuned so that their frequency matched the 1s A 2p 0 transition of Si:P and had durations of ~10 ps, as also verified below.
The first experiment was simply to measure the angular distribution of intensity emitted by the sample. We did this by recording the intensity while moving a small mirror across the collecting parabolic mirror. Fig. 2b shows the resulting profile, which does indeed show the expected echo peak at  echo . There are also sharp maxima at angles corresponding to the directions of pump and rephasing pulses.
Having shown the appearance of an echo signal with the correct wavevector, we turn to verification of its arrival time, which we determine -taking advantage of the coherence of the radiation from the free electron laser -using a reference pulse split from the rephasing pulse and a delay line. The transmitted pump, rephasing and emitted echo pulses, as well as the reference pulse are all focussed onto the detector through a pinhole to produce a characteristic interference pattern in time. We exploit the angular dispersion of the pump, rephasing and echo pulses and block all but one of them, thereby obtaining the interference patterns of the reference beam with the pump, rephasing and echo beams separately. By subtracting the mean intensity and squaring the result, the arrival times and shapes of the pump, rephasing and echo pulses can then be determined as a function of time (Fig. 2c) . All three pulses take the form of welldefined peaks, with the maxima occurring at the times (Fig. 2d ) anticipated for echos.
We can now measure the dephasing time, T 2 , by observing the dependence of the echo intensity on the time difference   between the pump and rephasing pulses 17 . As shown in Fig. 2e , the intensity of the echo decays exponentially as exp - 12 /T exp and T 2 =4T exp , where the factor of 4 arises because the time between the emission of the echo pulse and the pump pulse that caused it is twice the pump-rephasing pulse delay, and the intensity of the echo decays twice as fast as the polarization amplitude.
The value of T 2 at low laser intensity was 160 ±20 ps. The laser excitation introduces additional sources of decoherence, and so we expect that T 2 should fall as the laser intensity increases. which takes into account the decoherence mechanisms also needed to account for T 2 , as above, and is indicated by the dashed line in fig. 3b . Fig. 3b also shows what would be observed if the extra decoherence, and spatial intensity variation were absent.
Using the theory to fit many results of this type, and taking into account the beam attenuation due to transmission through the cryostat window, and the Si air interface gives a dipole matrix element, μ 12 =0.28 ± 0.03 nm. This is much lower than the scaled hydrogenic value, a consequence of the central cell correction 19 includes not only the Rydberg series itself but also the photoionization cross-section of the 2p 0 state. The only substantive differences between free hydrogen and Si:P are then the much shorter T 1 and T 2 times for the latter, due to phonons which are characteristic of a solid, but not of the vacuum.
Our work shows that we can prepare coherent mixtures of different orbital states for one of the most common impurities in the most common semiconductor. These mixtures have dephasing times T 2 in excess of 100 ps, three orders of magnitude larger than the 100 femtoseconds corresponding to the frequency of the transition between the orbital states. The frequency domain linewidth associated with our measured T 2 of 160 ps is 8.2 μeV. This is about twice the linewidth reported for P in isotopically pure float zone Si 14 , so there is reason to believe that more carefully prepared samples will have a longer T 2 than the Czochralski Si used here.
Coherent control of donor orbitals in silicon opens up many possibilities currently under examination using atom traps 1,2,3 , such as entanglement of pairs of impurities whose ground state wavefunctions are too compact to interact. Modern nanotechnology, which has recently been used for deterministic positioning of individual impurities in silicon 22 , will also enable such control to be used for the regulation of magnetism 5 by opening and closing exchange pathways by the timed preparation of excited states. Ideally the first pulse has an area of π/2, and the second an area of π. The main decay channel of the 2p 0 state for Si:P, in contrast to H, is phonon decay: furthermore photoionization of this state is also relatively much stronger than in H, and since the photoelectrons are confined to the conduction band they can cause decoherence through phase changing collisions.
Supplementary Material
The Dutch free-electron laser ( delay. It also passed through a variable attenuator consisting of a motorised polariser (P 1 ) and a fixed analyser (P 2 ). The k 1 beam emerged from the analyser parallel to, but spatially separated from k 2 . All of these optical elements were contained in a closed metal box which was evacuated and purged several times with dry nitogen gas and then sealed. The spatially separated beams were reflected from a large off-axis parabolic mirror to a focus on the sample, which was mounted on the cold-finger of a continuous flow liquid helium cooled cryostat. The angular separation of the beams at the sample was ~5 degrees. The emerging pump and re-phasing beams and the echo beam were collected on a second off-axis parabolic mirror and collimated. A small mirror oriented at 45
• and mounted on a translation stage was used to pick off the different beams for measurement of the echo angular position relative to the other beams. The light was focussed onto a helium-cooled Ge:Ga detector (crystal size 3x3 mm 2 ), by a third offaxis parabolic mirror.
To observe the pulse arrival times each of the beams (k 1 , k 2 , and k E ) were made to interfere with a fourth, reference, pulse k * derived from a small portion of k 2 . For this experiment we used the alternative detection setup shown in figure 2a TIMING; k* was sent through a second optical delay line (R 2 ) and then recombined with the echo beam line through a second pellicle beam-splitter, and focused through a 0.4 mm diameter pinhole at the detector. The pinhole facilitated interference of the beams by restricting the number of fringes seen by the detector to one. The length of the optical delay was adjusted to give an appropriate interval between the excitation pulse k 1 and the rephasing pulse k 2 . The optical delay line in the reference beam was scanned through its full range while pairwise combinations of the three main beams k 1 , k 2 and the echo were blocked.
To control the intensity of the excitation pulse k 1 we used the motorised polariser shown in figure 2a . We calibrated the k 1 intensity (in terms of pulse area) against the orientation angle of the polariser using a double Malus' Law (taking account of the polarisation orientation of FELIX with respect to the first polariser, and then the orientation of this polariser with respect to the analyser). We then recorded the intensity of the THz signal in the direction of the echo as a function of calibrated pulse area. We also recorded the intensity of the THz signal along the same direction when the temporal delay between k 1 and k 2 was reversed (i.e. we changed the length of the optical delay so that k 2 arrives at the sample before k 1 ). Since the echo is directional this provided us with a measure of the background signal from the scattered excitation pulse k 1 and rephasing pulse k 2 . This was important because at high excitation powers the scattered signal began to exceed the echo signal.
For the echo lifetime experiments k* was not used. Instead the total echo signal was measured as the pump-rephasing delay was varied, and the pump intensity controlled with the polarizer-analyser system. For some experiments both pump and rephasing beam were sent through the polarizer-analyser system, so that the ratio of their intensities was controlled by the beamsplitter (at 1:4). Similarly, the Rabi oscillation experiments were done by fixing the pump-rephasing pulse delay, and controlling the pump intensity with the polarizer-analyser, and the rephasing beam with the wire attenuator. The data presented here were obtained using a 200 μm thick CZ sample at a doping density of 1.5 X 10 15 cm -3 , but we have also observed echos in both other CZ as well as FZ samples of broadly similar specification.
All our results can be described using a theoretical model which augments the standard echo theory with an extra source of decoherence due to photoionization. The basic information is in the two-level reduced density matrix (t), which represents a very slight extension of the more usual Bloch equations. We have where σ 2p0 is the photoionization cross section from the excited state, I(t) is the laser intensity at time t and ε is the photon energy (so I(t)/ε is the photon flux). The photoelectrons thus produced also represent a source of decoherence which adds to the off-diagonal decay rate Γ, so that, for a photoelectron density n e given by n e = n 0 p e , where n 0 is the donor density, and p e =1-ρ 11 -ρ 22 is the electron ionization probability we have with Γ 0 the intrinsic off-diagonal rate, v e the mean photoelectron velocity, and σ e the electron-donor scattering cross-section. This leads to an intensity-dependent echo decay rate. Finally, to compare with experiment we must average over the spatial distribution of the FELIX beam. This model can then be used as the basis of a fit to the experimental profiles as a function of pulse area. Figure S1 shows the global comparison between the theoretical and experimental results. fig 3b) (ordinate) as a function of the corresponding theoretical value (abscissa). The best fit line through the origin has a gradient of 1.3±0.06, which gives the best calibration of the experimental echo magnitude in terms of the theoretical value as calculated above.
The lower panel compares the experimental value of the pump pulse area (in units of 2π) for which the peak echo signal occurs (again taken from profiles such as that shown in fig 3b) (ordinate) with the theoretical prediction (abscissa)
The line through the origin with gradient 1 is also shown. (It is not a fit.) 
